Because of recent findings that Fe is a limiting factor for phytoplankton activity even at relatively high dissolved iron (DFe) concentrations, the potential importance of Fe limitation was revisited in the northeast Atlantic Ocean (39-45ЊN, 17-21ЊW). We report data gathered during deck incubation experiments performed at three stations in February-March 2001 with surface seawater containing DFe concentrations of ϳ0.40 nmol L Ϫ1 . At all stations, Fe addition enhanced phytoplankton growth. Fe limitation was moderate and occurred simultaneously with limitation by major nutrients. This was clearly demonstrated for diatoms that were colimited by orthosilicic acid. Micro-, nano-, and picoplankton benefited from Fe enrichment. Experiments performed with the trihydroxamate siderophore desferrioxamine mesylate B (DFOB) indicated that Fe reserves exist within the cells, especially within the larger cells. This reserve could result from luxurious storage of Fe by colimited cells during episodic atmospheric deposition of Saharan dust. Simulating concentrations of dust resulting from aerosol deposition in well-stratified surface waters, we determined that the solubility of Saharan dust was very low (Ͻ0.1% w/w) but the amount of DFe released in seawater was sufficient to relieve the Fe limitation of the ambient phytoplankton community.
During the last decade, most biogeochemical studies dedicated to Fe limitation of phytoplankton growth have been carried out in regions characterized by low dissolved iron (DFe) concentrations, such as the equatorial Pacific Ocean (Coale et al. 1996) or the Southern Ocean (de Baar et al. 1995; Boyd et al. 2000; Blain et al. 2001) . Recent studies in the Californian coastal upwelling (Hutchins et al. 1998) and the Mediterranean Sea (Sarthou and Jeandel 2001) have shown that even in regions with DFe concentrations one or two orders of magnitude higher than in offshore high-nutrient-low-chlorophyll (HNLC) areas, Fe could be an important factor controlling phytoplankton growth, phytoplankton community structure, and nutrient drawdown. In light of these new findings, the case of the North Atlantic must be revisited.
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Because of the assumption that North Atlantic waters contain high Fe concentrations, there have been few studies investigating the importance of Fe on primary production in these waters. The large, shallow continental shelf could be a source of Fe for the North Atlantic at high latitude. However, during the North Atlantic Bloom Experiment (NABE) Martin et al. (1993) observed low DFe concentrations (ϳ0.1 nmol L Ϫ1 ) in surface waters at 47ЊN, 20ЊW. Higher DFe values were reported at southerly stations (40ЊN, 23ЊW), ranging from 0.6 to 1.5 nmol L Ϫ1 (de Jong et al. 2000) , but no bioassay experiments were associated with these measurements. At midlatitudes, large Saharan dust events are also a source of Fe for surface waters of the Atlantic Ocean, with possible implications on biological productivity. For example, a large Trichodesmium bloom following a Saharan dust event was monitored in offshore waters of the West Florida shelf (Lenes et al. 2001) . DFe concentrations in surface waters of the North Atlantic are thus expected to be highly variable in space and time, due to the interplay of episodic deposition of Saharan dust, hydrographic features, such as fronts or mesoscales eddies, and biological activities. Fig. 1 . Location of the area investigated during the cruise POM-ME1. Left panel shows the positions of Sta. 1 (S1), 2 (S2), and 3 (S3). S1 is in the core of an anticyclonic eddy, S3 in the core of a cyclonic eddy, and S2 at the front between both eddies. The eddies are identified by gradients in geopotential anomalies (50 db/2,000 db) (in gray). Table 2 . Description of the different nutrient amendments during the incubation experiments. NPSi represents the simultaneous addition of the major nutrients, resulting in a final concentration in the incubation bottles of [NO ] 
. DFOB is desferrioxamine B. 
We report here results from experiments carried out at the boundary between eutrophic and oligotrophic waters of the northeast Atlantic Ocean investigating the importance of Fe and other major nutrients for phytoplankton growth. Fe availability and the role of dust as a potential source of Fe for the northeast Atlantic Ocean are also discussed.
Material and methods
Location of the cruise-The cruise took place in February-March 2001 as part of the French Programme Océano-graphique Multi-disciplinaire Méso-échelle (POMME). The study area was characterized by high mesoscale physical activity, as demonstrated by the geopotential anomalies measured at 200 m (L. Prieur pers. comm.) (Fig. 1) . Sta. 1 and 3 were located in the core of an anticyclonic and a cyclonic eddy, respectively. Sta. 2 was located at the front between both eddies (Table 1) .
Sampling and analysis-Water samples were collected with acid-cleaned polyethylene tubes using an Osmonics solid Teflon diaphragm pump. The tubing inlet was lowered using a Kevlar line. Seawater was filtered under laminar flow hoods (class 100) in a clean laboratory van, through a Sartrobran-P-capsule (Sartorius) containing a 0.45-m prefilter and a 0.2-m final filter. The samples were acidified with HCl supra pur (MERCK) at pH Ͻ2 and stored for 3-5 months in the dark at room temperature until analyzed. DFe concentrations were measured on shore in a clean room using flow-injection analysis with chemiluminescence detection. The mean detection limit was 20 pmol L Ϫ1 and the mean blank was 30 pmol L Ϫ1 (Laes et al. 2003) . In situ concentrations of NO and NO were analyzed
aboard (Fernandez pers. comm.). Concentrations of Si(OH) 4 were measured in the laboratory in 0.2-m-filtered seawater poisoned with HgCl 2 (Strickland and Parson 1972) .
Incubation experiments-At Sta. 1 and 3, unfiltered clean seawater from the mixed layer at 25-m depth was pumped and transferred to 4-liter polycarbonate bottles inside the clean laboratory and immediately amended with nutrients and desferrioxamine mesylate B (DFOB), as described in Table 2 . The bottles were capped, sealed with polyvinyl chloride tape, and incubated for up to 5 d in polyethylene tanks located on deck. The incubators shaded the bottles to 50% of incident irradiance for photosynthetically active radiation. The dose received varied between 2 and 6 MJ m Ϫ2 d Ϫ1 during the cruise. A running seawater system supplied continuous water from the sea surface. For each experimen-Iron availability in the Atlantic Ocean tal treatment, duplicate 4-liter bottles were sacrificed at selected (three) time points during the course of the experiment and subsamples for the following measurements were taken: concentrations of DFe, NO , and NO (NO x Vidussi et al. (1996) . Pigment data were regrouped into pigment indices roughly representing the phytoplankton size classes (pico-, nano-, microphytoplankton) according to the procedure of Vidussi et al. (2001) . Carbon uptake rates were measured using radiolabeled NaH 14 CO 3 . Silicon uptake rates were measured using radiolabeled 32 Si(OH) 4 (Leblanc et al. 2002) . Incubations for C and Si uptake rates were done on deck for 24 h starting at sunrise.
At Sta. 3, Saharan dust was also added to incubation bottles to determine its potential as an Fe source for phytoplankton growth ( Table 2 ). The dust we used was composed of fine fractions of surface soils collected in the Hoggar region (southern Algeria) with grain-size distribution and chemical composition typical for Saharan aerosols collected far from the source (Guieu et al. 2002a ). The final concentration in the incubation bottles was 1.34 Ϯ 0.08 mg L Ϫ1 . In the course of this experiment, 60-ml subsamples were taken and filtered through 0.2-m filters using a clean plastic syringe. The filtrate was acidified, stored, and analyzed for DFe as described above.
At Sta. 2, various amounts of DFe and DFOB were added to 20-liter polycarbonate bottles (Table 2) and incubated as described above. Major nutrients were added to all bottles at the same concentration as given in Table 2 . Subsamples were taken at different times during the incubation to determine the chemical and biological parameters described above. All handling of the 20-liter bottles during subsampling was done inside the clean van.
Results
Characteristics of the surface waters-Vertical profiles of sigma theta, DFe, and NO x at the three stations are shown in Figure 2 , respectively. Variations with depth were similar for both chemical species, revealing a small increase of concentrations between 20 and 30 m, consistent with a small gradient in sigma theta at the same depth.
Initial concentrations of DFe at 25 m were similar at the three study sites (0.45, 0.41, and 0.40 nmol L Ϫ1 at Sta. 1, 2, and 3, respectively) ( Table 3) . Concentrations of NO x , Si(OH) 4 , Chl a, and BSi increased substantially along a south to north gradient (Table 3) . At all sites, the phytoplankton community was dominated by nanophytoplankton (53-59%, Table 3 ) and picophytoplankton (31-34%, Table 3 ) and the contribution of microphytoplankton to total phytoplankton biomass was relatively small (Ͻ15%, Table 3 ).
Identification of the limiting factors at Sta. 1 and 3-
Addition of DFe alone or in combination with NPSi had a pronounced effect on phytoplankton biomass production during the 5-d incubation at Sta. 1 and 3 ( Fig. 3) . At Sta. 1, the final Chl a concentration was 1.6-and 2-fold higher in the DFe and DFeϩNPSi treatments, respectively, as compared with the unamended control ( Fig. 3A) . At Sta. 3, addition of DFe and DFeϩNPSi resulted in a final Chl a concentration of 1.4-and 1.5-fold higher, respectively, as compared with the unamended control (Fig. 3B ). In contrast, addition of NPSi alone did not stimulate phytoplankton biomass production as compared with the unamended control at the two stations. A minor increase in phytoplankton biomass during the 5-d incubation was observed in the DFOBamended treatments at Sta. 1 and 3.
Dissolved Fe and DFeϩNPSi addition also affected all other biological parameters determined in the present study (Fig. 4) . At Sta. 1, the stimulation by DFe and DFeϩNPSi was more pronounced for Chl a and POC integrated over the 5-d incubation (Fig. 4A ,B) than for PON and BSi (Fig. 4D, E) . Primary production and the silicon uptake rate integrated over the 5-d incubation were particularly enhanced upon addition of DFeϩNPSi (both by a factor of four) (Fig. 4C, F) . At Sta. 3, DFe addition alone stimulated uptake rates of silicon (Fig. 4F) . However, the addition of DFe in combination with NPSi or the addition of dust resulted in elevated concentrations of Chl a, POC, PON, and BSi integrated over the 5-d incubation as compared with the control treatment ( Fig. 4A ,B,D,E). Similar to Sta. 1, particularly the primary production and the silicon uptake rate integrated over the 5-d incubation were stimulated by the addition of DFeϩNPSi (by factors of 1.9 and 3.6, respectively) ( Fig.  4C,F) .
Pigment analysis was used to determine the contribution of different phytoplankton size classes responding to nutrient amendment at Sta. 1 and 3 (Fig. 5 ). Microphytoplankton (mainly diatoms) revealed the most pronounced response to DFe addition, resulting in a 17-and 10-fold increase in Chl a in the course of the 5-d incubation at Sta. 1 and 3, respectively ( Fig. 5A,D) . Addition of dust resulted in a similar increase in Chl a at Sta. 3 (Fig. 5D ). However, Chl a concentrations increased most in this size class in the course of the 5-d incubation when DFeϩNPSi was added (by factors Fig. 2 . Depth profiles of sigma theta and concentrations of DFe and NO x at Sta. 1, 2, and 3. At Sta. 1, the DFe concentration is given only for the depth where the water for the incubation experiment was sampled.
of 40 and 11 at Sta. 1 and 3, respectively) (Fig. 5A,D) . For comparison, in the control treatments, concentrations of Chl a increased 6-and 3.5-fold at Sta. 1 and 3, respectively, during the 5-d incubation. At Sta. 1, nano-and picophytoplankton were stimulated by the addition of DFe and DFeϩNPSi (Fig. 5B,C) . In contrast, no differences in Chl a concentrations among treatments were observed for nanoand picophytoplankton at Sta. 3 (Fig. 5E,F) . Concentrations of Chl a in the picophytoplankton size class decreased in all treatments after 83 and 58 h at Sta. 1 and 3, respectively (Fig. 5C,F) . Addition of DFOB inhibited significant phytoplankton growth in all size classes (Fig. 5) .
Iron availability at Sta. 2-The growth rate of the phytoplankton community and of the different phytoplankton size classes was calculated using the increase in Chl a, POC, and PON between t ϭ 60 h and t ϭ 96 h (Table 4) . We assume that, during this period, cells were growing exponentially (the different treatments are summarized in Table  2 ). The growth rate of the phytoplankton community, in the 
0 control, based on the increase in Chl a (0.38 d Ϫ1 ) was higher than the estimates based on the increases of PON and POC, 0.22 and 0.19 d Ϫ1 , respectively (Table 4 ). DFOB addition, 1 or 10 nmol L Ϫ1 , reduced the growth rate by a factor of two. Iron addition at 0.7 or 2.5 nmol L Ϫ1 resulted in the maximal growth rate of the whole phytoplankton community (0.57 d Ϫ1 ). In the control treatment, the growth rate of microphytoplankton was 1.6-and 2.4-fold higher than the growth rate of nanophytoplankton and picophytoplankton, respectively. DFOB additions had a relatively low impact on the growth rate of microphytoplankton but precluded growth of picophytoplankton. An intermediary effect was observed on nanophytoplankton. DFe addition stimulated the growth rate of the three phytoplankton groups in the same manner by a factor of 1.5.
Discussion
Ambient iron concentrations-The concentrations of DFe measured at the different stations were intermediate values compared with concentrations reported in the literature in the northeast Atlantic. The lowest concentrations (0.07-0.2 nmol L Ϫ1 ) have been observed at 47ЊN, 20ЊW (Martin et al. 1993) . At 40ЊN, 23ЊW, an area closer to our study sites, concentrations of 0.8-1.5 nmol L Ϫ1 have been reported (de Jong et al. 2000) . It is difficult to firmly interpret these differences, but variability on short spatial and temporal scales is not surprising in this area. This region of the northeast Atlantic is characterized by permanent frontal structures that are likely responsible for the variability in the chemical and biological properties of surface seawater. The mesoscale features occurring in the studied area (Fig. 1) could also impact the spatial and temporal distribution of Fe. Most anticyclonic eddies are generated along the continental shelf of Portugal and then advected westward. Therefore, Fe could be transported from the Fe-rich shelf zone offshore. Eddies have a relatively long life time (several months), but the water at the periphery can rapidly mix with the surrounding water. This might provide a mechanism explaining the relatively high DFe concentrations in this area. Atmospheric deposition could be another source of Fe. Massive airborne plumes of desert dust from the Sahara are exported to the north Atlantic Ocean (Moulin et al. 1997 ). Under particular conditions, mineral aerosol deposition leads to a significant increase in the concentration of DFe in surface waters. This has clearly been demonstrated in the well-stratified Mediterranean surface waters (Guieu et al. 2002a) . Even if the stratification in the northeast Atlantic surface waters is weaker than in the Mediterranean Sea, atmospheric dust deposition may episodically and locally increase the Fe concentration in surface waters (Lenes et al. 2001) . Both factors, hydrodynamic and atmospheric deposition, might explain the heterogeneous distribution and the high concentrations of DFe in surface waters of the northeast Atlantic. In any case, concentrations of DFe in the northeast Atlantic are one order of magnitude higher than the lowest concentrations measured in Fe-depleted waters of remote HNLC areas.
Iron versus major nutrient availability for phytoplankton growth-
The experiments performed in the present study were designed to investigate the chemical factors limiting phytoplankton growth with particular focus on Fe, which has been poorly studied in this area. Nutrient addition experiments have proven to be very useful in identifying potential chemical limitations or simultaneous chemical limitation of phytoplankton. Container artifacts have been mentioned as an important bias of this type of experiment, but a recent comparison of data gathered from both shipboard Fe addition experiments and mesoscale in situ enrichments suggest that shipboard experiments provide a robust indication of the nutritional status of the native algal community (Gall et al. 2001) . The concept of the limiting factor according to Liebig's law implies the control of phytoplankton growth by a single factor. However, it is now recognized that the concept of multiple limitations is more realistic. Metabolisms of different chemical elements are interconnected at the cell level, which implies that the growth of an individual cell can be concurrently limited by several factors (Sciandra et al. 1997) . As far as the whole phytoplankton community is concerned, simultaneous limitation can result from different limiting factors acting on different contributors of the phytoplankton community.
In all experiments performed in the present study, phytoplankton biomass increased significantly in the control treatments. This observation implies that phytoplankton have the potential to grow in an incubation bottle at a period of the year when no phytoplankton bloom is expected nor was detected. This suggests that light limitation as a consequence of the deep mixed layer and low surface irradiance is the first in situ limiting factor of phytoplankton growth at this time of the year. Incubating phytoplankton at surface irradiance during wintertime has a somewhat similar effect on phytoplankton growth as the onset of stratification. Incubating has thus the advantage of removing the effect of light limitation so that the effect of nutrient limitation can be properly assessed.
In our experiments, phytoplankton growth was always stimulated by the addition of Fe, even though ambient concentrations of DFe were relatively high (0.40-0.45 nmol L Ϫ1 ). Fe limitation is not a step function with two extreme states: Fe limited versus Fe replete. There is evidence that a continuum in the degree of Fe limitation exists. Along the Californian coast, a complex mosaic of different types of water masses was described using a four-level model. The systems were classified as Fe replete and slightly, moderately, and highly limited, with different impacts on the Si(OH) 4 / NO drawdown and on the biological communities (Hutch-Ϫ 3 ins et al. 1998). A positive response to Fe addition in seawater with ambient concentrations of DFe of a few hundred picomoles has already been observed, for example, in the sub-Antarctic region of the Southern Ocean . This is similar to the observations made in the present study.
Sta. 1 and 3: evidence of multiple chemical limitations-
At Sta. 1, our results clearly show that the response of the phytoplankton community to the addition of limiting nutrients was more important (roughly twofold) for uptake processes than for biomass accumulation. The large response of the primary production was only obtained when both Fe and major nutrients were added. Pigment analysis indicated that all three phytoplankton size classes were stimulated by the addition of DFeNPSi, but the effect on microphytoplankton was most pronounced (Fig. 5) . At the end of the incubations, the ratios R ϭ R inc. (ϩDFeNPSi)/R inc. (DFe) were 2.4, 1.7, and 1.5 for micro-, nano-, and picoplankton, respectively. Similarly, when nutrient-amended treatments (ϩDFeNPSi) are compared with the unamended treatments, the ratio R ϭ R inc. (ϩDFeNPSi)/R inc. (control) was higher for microphytoplankton (3.6) than for nano-and picophytoplankton (1.8 and 2.5, respectively). This suggests that growth of the phytoplankton community, in particular diatoms, is colimited by several nutrients. Comparing the ambient concentration of Si(OH) 4 at Sta. 1 (1.8 mol L Ϫ1 ) with the half-saturation constant of Si uptake (K Si ϭ 3.5 mol L Ϫ1 ; Leblanc 2002) , it is obvious that Si uptake is severely limited by Si(OH) 4 availability (34% of V max ). If Si was the unique limiting factor for diatom growth, the addition of 2 mol L Ϫ1 Si(OH) 4 would have relieved, at least partly, this limitation. However, this was not observed in the present study. Therefore, phytoplankton growth is likely colimited by Si and Fe at this study site. This confirms previous studies that report that Fe availability can affect K Si and V max of Si uptake by diatoms (De La Rocha et al. 2000) . It was suggested that either Fe is a cofactor of the transport system or that Fe limits other processes within the cell, which subsequently impact the Si uptake due to a lack in energy availability. However, in the Californian upwelling region, Firme et al. (2003) observed only small effects of Fe addition on biogenic silica production. This argues against a colimitation of the Si uptake mechanism by Fe. The type of multiple limitation, co-or simultaneous, is likely dependent on the species of diatoms.
Although DFeNPSi addition relieved the colimitation of Si uptake, BSi concentration did not increase substantially over the incubation period. This resulted in a very high specific growth rate of lightly silicified diatoms. Using pigment data, we estimated a contribution of diatoms to the total Chl a concentration of 42% at the end of the incubations. Although growing rapidly, diatoms did not fully dominate the phytoplankton community. Hutchins et al. (2002) reported that Fe addition in shipboard incubations with surface waters of the Peru Current resulted in a final composition of the phytoplankton community dominated equally by pennate diatoms and haptophytes. This and the present study contrast with results obtained during Fe-addition experiments in HNLC areas such as the Californian upwelling (Hutchins and Bruland 1998) or the Southern Ocean . Hutchins et al. (2002) suggested that, during the Peru upwelling experiments, Si limitation of diatoms at the end of the incubations precluded the diatoms from dominating the phytoplankton community. This was consistent with the drawdown of Si(OH) 4 to 2 mol L Ϫ1 at day 4, which is low enough to limit Si uptake because a K Si of 2.9 mol L Ϫ1 has been measured in this area. In our case, the growth of diatoms did not decrease significantly the concentrations of Si(OH) 4 during the course of the incubation. The very low abundance of diatoms at the beginning of the incubations is more likely the explanation of the fact that diatoms were not dominant at the end of the incubation.
The nanophytoplankton size class responded only to the addition of DFeNPSi, indicating also multiple limitation, by Fe and other major nutrients. Si can be excluded as the limiting nutrient because siliceous organisms were not dominating this phytoplankton size class. The biomass reached in the treatment with Fe was similar to that in the treatment with DFeNPSi at t ϭ 84 h. Nanophytoplankton growth decreased in the Fe treatment after this time point. The initial concentration of nitrate was 3.6 mol L Ϫ1 in our experiment. At t ϭ 84 h, there were 1.8 mol L Ϫ1 and 8 mol L Ϫ1 of nitrate in the ϩDFe and ϩNPSi treatments, respectively. We hypothesize that the treatment ϩDFe became N limited in the last part of the incubation. If true, such an N limitation could also affect the growth of other phytoplankton groups at the end of the incubations. The picophytoplankton group responded to Fe addition with or without major nutrients added. This group was also Fe limited. In a general manner, the decline of the biomass after t ϭ 84 h could be due to grazing because all the treatments were affected.
At Sta. 3, the responses during the incubation experiments were smaller than at Sta. 1, especially for Chl a, POC, and primary production for the whole phytoplankton community and for Chl a in the microphytoplankton size class. The initial composition of the phytoplankton community was very similar at these two stations, so it cannot explain the different responses observed during the experiments (Table 1) . Nanophytoplankton contributed mainly to overall phytoplankton biomass, and few diatoms were observed. Sta. 1 and 3 also had similar concentrations of DFe, but Sta. 3 had higher concentrations of nitrate and Si(OH) 4 . Therefore, the difference in the magnitude of the response during the incubation experiment shows that the limitation by the major nutrients at Sta. 3 was weaker than at Sta. 1. At Sta. 3, a significant response of the microphytoplankton to NPSi and DFeNPSi additions was observed. Fe addition led to an increase in BSi similar to that measured at Sta. 1. This is also true for the Si uptake rate. The half-saturation constant K Si measured at Sta. 3 was 4.1 mol L Ϫ1 (Leblanc 2002) , allowing the diatoms to take up Si(OH) 4 at only 36% of the maximal uptake rate. Therefore, Si and Fe likely colimited diatom growth also at Sta. 3.
Our results demonstrate that phytoplankton growth is colimited by Fe and major nutrients when light limitation is removed. The most pronounced decrease during the 5-d incubation in the control treatment was observed for NO x (from 3.7 mol L Ϫ1 to 0.95 mol L Ϫ1 and from 5.6 mol L Ϫ1 to 0.86 mol L Ϫ1 at Sta. 1 and 3, respectively; data not shown). Based on this observation, we hypothesize that N becomes the limiting nutrient for phytoplankton growth at higher light intensities. The colimitations existing in early spring are, therefore, likely different from those prevailing at other times of the year.
Iron bioavailability: DFOB and Fe addition experiments-Desferrioxamine B (DFOB) is a trihydroxamate siderophore produced by terrestrial bacteria. This molecule has been used to greatly reduce Fe uptake by the phytoplankton community in seawater (Wells et al. 1994; Hutchins et al. 1999a; Wells 1999) . Based on the idea that concentrations of DFe were relatively high in the northeast Atlantic, we reduced Fe availability by the addition of DFOB. In our experiments, DFOB addition lowered the phytoplankton activity compared with the control treatments. This confirms that the ambient concentrations of DFe were only moderately limiting for the phytoplankton. Even in the bottles with 10 nmol L Ϫ1 of DFOB, the biomass increased slowly. We discuss hereafter which Fe pool could be bioavailable for the phytoplankton community in these experiments. In our study, the ratio [DFOB]/[DFe] was 22, thus higher than the ratio of 12.6 used in coastal waters (Hutchins et al. 1999a) . In surface Antarctic waters, a ratio between 12 and 25 was also enough to preclude the growth of the small diatom Chatoceros brevis (Timmermans et al. 2001) . Based on measurements of natural ligand concentrations and apparent stability constants at a station located 4Њ west of our sampling sites (Boyé et al. 2003) , we calculated that less than a few picomoles of DFe were still bound to natural Fe ligands after DFOB addition. This residual DFe, not complexed by DFOB, could not be responsible for the observed growth in our bottles with DFOB additions. The bioavailability of Fe bound to siderophores has been investigated by several authors. In a general manner, marine heterotrophic bacteria utilize Fe bound to siderophores (Granger and Price 1999) . Fe bound to various exogenous siderophores is taken up by Synechococcus. This has been demonstrated using culture experiments (Hutchins et al. 1999b ). Evidence has also been provided by the same investigators that Fe-siderophores are an available source of Fe for natural populations dominated by heterotrophic bacteria and Synechococcus.
The issue whether Fe-siderophores are available for eukaryotes is still a question of debate. Under Fe-deplete conditions, diatoms are able to acquire Fe from Fe-DFOB or Fe-DFOE complexes (Soria-Dengg and Horstmann 1995) . In diatom cultures, Thalassiosira weissflogii and Skeletonema costatum also used siderophore-bound Fe, although they preferred Fe bound to tetrapyrol-type ligands (Hutchins et al. 1999b) . Recently, it was pointed out that caution should be exercised in interpreting the results of DFOB-addition experiments because the addition of DFOB might not impose Fe stress uniformly across the biological community (Martinez et al. 2000) . Consequently, subpopulations of marine phytoplankton and bacteria might use Fe bound to DFOB. This was also demonstrated under Fe-limited conditions (Granger and Price 1999; Maldonado and Price 1999) . Our results showing that growth of some phytoplankton size classes is possible even if DFOB is added could reinforce the previous findings that Fe bound to DFOB can be taken up by cells. However, if this is true, it is not clear why the largest phytoplankton size class is more efficient than the smallest size class in taking up Fe from FeDFOB. This leads us to examine an alternative hypothesis to explain our experiments: Fe reserves within the cells. At the end of our incubations at Sta. 1 (t ϭ 5.4 d), primary production in the DFOB bottles was 28% of the C uptake measured in the control. This compares quite well with previous results of similar experiments (Wells 1999) . Based on short-term incubations (7 h), the authors suggested that minor growth of large cells might be due to the use of an Fe reserve. Luxurious storage of Fe has been demonstrated (Sunda and Huntsman 1995) , but it occurs mainly when cells are growing in an Fe-replete environment. In our case, we have demonstrated that large cells are moderately Fe limited. Considering Fe limitation as a single factor controlling growth, the cells should not have large Fe reserves at the beginning of the experiment. However, as discussed in the previous section, at least the microphytoplankton is in fact colimited by a factor other than Fe; this might favor Fe storage within the cells, particularly at Sta. 1. It is also possible that the DFOBFe complexes were partly dissociated by sunlight during the incubations (Barbeau et al. 2001) . If Fe released by such photodissociation was bioavailable, the large cells, being more Fe limited, could respond more than in other experiments with Fe additions.
Quantitative information on the bioavailability of Fe for the phytoplankton community is given by the experiment carried out at Sta. 2. The results summarized in Table 4 show that the addition of 0.7 nmol L Ϫ1 DFe provided enough Fe to allow the different groups of phytoplankton to grow at their maximum growth rates. Caveats of this approach have been previously discussed (Hutchins et al. 2002) ; however, useful information on the potential growth rate of the phytoplankton community or groups within the community can be inferred. Based on the net increase in Chl a, microphytoplankton, nanophytoplankton, and picophytoplankton growth rates in the control treatment were 2/3 of the maximal growth rate. At first glance, this result can be surprising considering that the magnitude of Fe limitation has often been linked to cell size (Sunda and Huntsman 1997) . When the Fe resource is decreasing, smaller cells take advantage due to a higher surface-to-volume ratio to maintain a growth rate close to the maximum, while large cells are already Fe limited. This results in apparent saturation constants for growth rates that are lower for smaller than for larger cells Hutchins et al. 2002) . We see in the previous section that DFOB addition impacted growth of the three phytoplankton size classes in different manners, maybe due to the occurrence of Fe reserves. If the contribution of the Fe reserve to the growth rate of the cells could be removed, the microphytoplankton, which had the largest Fe reserve, would have a lower / max than the nanophytoplankton. The same argument leads to a lower / max for nanophytoplankton than for picophytoplankton. Therefore, the results of our experiments are not in conflict with the general view that Fe limitation is dependent on the cell size.
Saharan dust, a potential source of bioavailable ironInput of bioavailable Fe by dust deposition at the surface of the ocean was postulated to explain an increase in the biological pump in the Southern Ocean during the glacial period (Martin 1990) . In oligotrophic areas, dust deposition has also been suggested to explain the switch between nitrogen-and phosphorus-limited regimes (Falkowski 1997) . However, there is still little direct evidence of the link between dust deposition and an increase in biological productivity in surface waters (Lenes et al. 2001) . One of the reasons is that dust deposition is of a highly sporadic nature. The area we investigated during our cruise is affected by Saharan dust outbreaks, although the most prominent areas are found in the tropical North Atlantic Ocean (Moulin et al. 1997) . The goal of the experiment we conducted at Sta. 3 was to get insight into the potential role of Saharan dust deposition on phytoplankton activity. In our experiment, the amount of dust added in the incubation bottles (1.34 mg L Ϫ1 ) was adjusted to mimic dust concentrations following a large Saharan deposition event in a well-stratified surface layer. Addition of Saharan dust stimulated growth of the phytoplankton community in a very similar manner as iron additions did (Figs. 3-5 ). This demonstrated that Saharan dust is indeed a potential source of bioavailable Fe for phytoplankton. Considering that the Saharan dust used in the experiment is characterized by a total concentrations of Fe of 5% (w/w) (Guieu et al. 2002b) , the total amount of particulate Fe added to the bottle was 0.25 mg. Most of the dissolution occurred within the first 58 h. We calculated that the average amount of Fe resulting from the dissolution of dust was ϳ0.6 nmol L Ϫ1 . From production of POC during the incubation (0.04 mmol L Ϫ1 ) and a ratio Fe/POC ϭ 1 ϫ 10 Ϫ5 mol mol Ϫ1 , the amount of Fe taken up by phytoplankton was estimated to be less than 0.04 nmol L Ϫ1 and did not affect significantly the concentration of DFe. Thus, the percentage of dissolution was estimated to be 0.06%. Using the same dust for a dissolution experiment conducted in Milli-Q water, Guieu et al. (2002a) established a relationship between the percentage of dissolution and the concentration of dust (%diss ϭ Ϫ0.054 ϫ ln[dust(mg L Ϫ1 )] ϩ 0.32). Applying this equation to the dust concentration used in the present study, the percentage of dissolution is 0.3%. The difference between these estimates could be due to the different media of dissolution. Milli-Q is more acidic than seawater and could dissolve more Fe. Despite the low percentage of dissolution of Saharan dust in seawater, the amount of Fe released (0.6 nmol L Ϫ1 ) was high enough to relieve the Fe limitation in this area. This is consistent with the results in Table 2 . If Fe was not directly used by the cells because they are limited by another factor, e.g., major nutrients or light, the additional Fe could be stored. Saharan dust could therefore be a possible source of Fe for luxurious Fe storage in the northeast Atlantic Ocean.
